In the present study, remote sensing of soil moisture is carried out using the Passive and Active L-and S-band airborne sensor (PALS). The data in this paper were taken from 5 days of overflights near Chickasha, Oklahoma during the 1999 Southern Great Plains (SGP) experiment. Presently, we analyze the collected data to understand the relationships between the observed signals (radiometer brightness temperature and radar backscatter) and surface parameters (surface soil moisture, temperature, vegetation water content, and roughness). In addition, a radiative transfer model and two radar backscatter
Introduction
The principal variables in land-surface hydrology are soil moisture, surface temperature, vegetation, precipitation and streamflow. Of these, surface temperature, vegetation and precipitation are currently observed using satellites, and streamflow is routinely observed at in-situ watershed locations. Soil moisture remains the only variable not observed (or observed very sparsely) either in-situ or via remote sensing.
Numerous studies have shown the influence of soil moisture on the feedbacks between land-surface and climate, which in turn affect the dynamics of the atmospheric boundary layer and have a direct relationship to weather and global climate [1] - [4] . Chang et al. [5] have shown the influence of spatial variations of soil moisture and vegetation on the development and intensity of severe storms, whereas [6] demonstrated the ability of soil moisture to influence surface moisture gradients and to partition incoming radiative energy into sensible and latent heat. Better understanding of the processes involved in the forcing of, and responses to, Earth's changing environment is needed in order to accurately assess, predict and evaluate the relationship between the global hydrologic cycle, weather and climate change. For this to be accomplished, it is necessary to intimately understand the relationship of soil moisture to these phenomena on small and large-spatial scales. Unfortunately, complicating these overall goals is our inability to completely observe large-scale hydrologic land-surface interactions. Remote sensing enables us to estimate large-scale soil moisture for the purpose of modeling the two-way interaction between land and atmosphere, making it possible to understand the nature of global climate. This paper examines multiple techniques used to retrieve land-surface parameters using microwave remote sensing. Given the near linear relationship between soil moisture and microwave emission, many prior studies [7] [8] [9] [10] have focused on regressions between remotely sensed observations and observed surface soil moisture or comparisons between aircraft/satellite retrievals and in-situ observations. Another common method of soil moisture estimation analysis involves modeling the microwave emission of vegetated and bare soil surfaces based on the physical parameters of the media [11] [12] [13] . In this paper we attempt to combine these methods using observations from PALS, statistical regressions (between retrievals and observations of soil moisture), and physically based forward modeling of the sensor for the purpose of near surface (0-5cm) soil moisture retrieval. In order to investigate these relationships, the data were Previous investigations have shown that passive microwave remote sensing is effective in the study of soil moisture [14] [15] [16] [17] [18] [19] [20] and precipitation [21] [22] [23] [24] . These efforts have qualitatively demonstrated the theoretical sensitivity of microwave brightness temperature to soil moisture variations in varying media [25] - [26] . Overlying vegetation and atmospheric moisture have been shown to have less effect on soil emission at longer microwave wavelengths [27] . In addition, lower frequencies within the 1-6 GHz range have an increased soil sensing depth and provide a large contrast between wet and dry soil. This frequency range has therefore in effect become the main focus of remote sensing of soil moisture. Aside from previous SGP campaigns [28] , the majority of research done using low frequency microwave radiometry has been focused on smaller catchments over uniform ground conditions [29] - [30] . There is still a need for validating and comparing models and algorithms in large-scale field experiments.
Background
Microwave radars observing the land-surface measure the backscattering coefficient, a dimensionless quantity representing the scattering from the soil and vegetation components of the surface. Scattering from the soil depends on both the dielectric constant (which is affected by soil moisture) and the surface roughness. An increase in soil moisture results in an increase in surface backscatter, giving a positive relationship whose slope depends on the roughness and vegetation characteristics. The transmitreceive polarization combination associated with the backscattering coefficient is denoted
, where i,j = H or V (horizontal or vertical polarizations). Backscatter is expressed as decibels (dB). Depending on roughness and provided bare to low vegetation cover, these values can change roughly between -5 and -10 dB for both VV-and HHpolarizations over the dynamic moisture range from dry to saturation.
As the moisture content in a soil increases, so does its surface reflectivity, r. This results in a decrease in the emissivity, 1-r, of the soil. The resulting emissivity changes from the surface are used in the interpretation of data from microwave radiometers measuring the emission from the surface. The emissivity has a strong influence on the radiated brightness temperature of the surface in the microwave region. The brightness temperature, T B , is proportional to the product of the physical temperature and the emissivity of the surface [18, 31] . Brightness temperature has been shown to have a linear relationship with surface soil moisture [32] . Because of the large difference in emissivity of dry and wet soil, a comparison of the relative brightness temperatures of the soils can be used to detect soil moisture [27] .
In the present study, data from the PALS instrument were used to retrieve soil moisture in the Southern Great Plains Little Washita, Oklahoma region. PALS was developed to study the utilization of dual-frequency, dual-polarization, passive and active measurements for remote sensing of ocean salinity and soil moisture. The instrument operates at 1.4 and 2.69 GHz in the radiometer channels and 1.26 and 3.15 GHz in the radar channels. PALS utilizes a multi-frequency, multi-polarized design, and is capable of acquiring simultaneous radar and radiometric signatures of land and ocean surfaces.
The radiometer receives coincidental vertical and horizontal emission and the radar transmits vertical or horizontal polarization and receives these two linearly polarized radar echoes simultaneously. A more thorough description of the PALS specifications and applications can be found in [33] . An analysis of PALS soil moisture observations during SGP99 has been performed; the approach and results are detailed by Njoku et al. [34] .
Data collected during the study were calibrated and geometrically corrected for aircraft (Table I) .
Collected ground data applicable to this paper include: gravimetric soil moisture (0 -2.5
and 0 -5 cm), surface roughness, soil bulk density, and vegetation water content as described in [34] . It should be noted that in this study, the 0 -5 cm gravimetric soil moisture is used exclusively (instead of volumetric soil moisture) due to possible bulk density in-situ measurement error. When applied in the following analysis, a bulk density value of 1.28 g cm -3 has been used.
Weather conditions were ideal during the study, including a major rain event on the third day (July 10 th , 1999). This allowed a subsequent drydown period to be observed throughout the basin (a change in gravimetric soil moisture content from about 24.3% to 
Soil Moisture Estimation Techniques
Three techniques are examined in this paper for retrieving soil moisture from the PALS microwave emission and backscatter observations of the soil-canopy system; (a)
Regression analysis, (b) Passive physical model and (c) Active physical model. In this initial study an attempt has not been made to create a combined passive/active algorithm, rather the analyses (for radiometer and radar) have been carried out separately.
In applying physical models it is important to choose soil surface and vegetation parameters with as much realism as possible while ensuring representative characterization of the field sites, and it is desirable that the parameterizations used be consistent between the passive and active models. The models in this study assume a soil type (sandy loam) representative of the SGP region, with sand and clay fractions of 30% and 20%, respectively. Dielectric constant values were determined using the equations of Dobson et al., 1985 . This dielectric model uses sand and clay mass fractions along with bulk density (average of in-situ) to describe soil texture. The PALS incidence angle of θ = 39˚ was used in the model calculations. We have focused the modeling results on the low vegetated fields due to the fact that the radar models simulate these conditions best.
Regression Analysis
It has been shown that radiometric and radar soil-moisture sensitivities to soil moisture Assuming a uniform temperature in the top 0 -5 cm soil layer, the microwave brightness
where i θ is the incidence or view angle of the sensor, q = {v, h} refers to the horizontal and vertical polarizations of the emitted radiation and T s is the surface temperature. Here, for a given T s , the emissivity, q e ) ( i θ , of the surface is proportional to the brightness temperature. Given the near-linearity of the m g versus T B relationship, we are able to effectively evaluate interactions between soil and vegetation parameters and the retrieved brightness temperatures using multiple linear regressions. Radar backscatter has been shown to have a less linear relationship to soil moisture than radiometric brightness temperature [31] - [39] . Nevertheless, the backscatter coefficients are included in the regression analysis to further examine these findings and also to determine to what extent multiple channels, both active and passive, may improve soil moisture retrieval.
A series of regression models were generated using a best subset regression technique.
The models use the maximum coefficient of multiple determination, R 2 , criterion by first examining all one-band regression models and selecting the model giving the largest R 2 value. Based on the R 2 , a group of best subsets is then selected for further regression analysis. The benefits of using multiple channels can be investigated by comparing the predictive capabilities of the sensors using 1, 2, 3, and 4 channels. Tables IIa and IIb Using the five days of available collocated data, two (or three) days were regressed and predictions were performed on the remaining three (or two) days of data. Figure 1 shows the regression results over all the fields using the four passive channels noted in The same approach was applied using the active PALS channels. Figure 2 shows the results for the radar channel regressions using the same regression/prediction scheme as in Figure 1 . The four channel combination (LHH, LVV, SVV and SHHVV) results in a standard error of 2.63% gravimetric soil moisture and an R 2 value of 0.67. A summary of the remaining regression/prediction models is found in Table III . As expected from the best subset analysis, the active channels did not perform as well as the radiometer channels but demonstrate the radar capability to retrieve soil moisture with reasonable accuracy over the varied vegetation conditions encountered in the SGP region.
Caution must be used when interpreting the regression results; the limited number of flight lines and sampled field sites allow for only 36 co-located (within 300m of aircraft footprint) data points to be used in the study. The correlation of the predicted points weigh heavily on those used for the initial regression. An ideal data set should include the full range of soil moisture and vegetation conditions encountered during the study, enabling regressions and predictions to be performed for the full spectrum of possible environments. Unfortunately, this data set did not span a full range since there were no fields with simultaneous high soil moisture and high vegetation water content.
Deviations between the predicted and observed moisture can also be attributed to sampling and measurement error during SGP99. One source of sampling error is the collocation error (location uncertainty of the PALS footprint positions and field data collection sites). With large distances (300 m used to assign collocation), the PALS footprints may view different field conditions from the assumed conditions of each field.
In addition, the collection of gravimetric soil moisture is not exact and will also introduce error into the estimates. The time of the PALS flights over the individual field sites and the field data collection in those sites must also be considered, as differences in time will cause PALS and in situ soil moisture and temperature values to be different. where the cos θ factor accounts for the slant observation path through vegetation and the b parameter is a coefficient that depends weakly on vegetation type and is approximately proportional to frequency [40] . A summary of model inputs is shown in Table IV Surface parameters collected during the study were input into the model collocated by field type and day of study. All the variables were collected daily except for vegetation water content, bulk density and surface roughness, whose values were assumed to remain constant for the duration of the study. The model assumes homogeneous surface conditions giving averaged effective values over the radiometer footprint. The soil dielectric constant was computed for given bulk density, frequency, gravimetric moisture content, sand and clay fractions, and temperature using empirical relations taken from [42] . GHz channel as confirmed in the regression analysis.
Forward Model for Passive Radiation Transfer

Forward Models for Active Backscatter
Prior investigations utilizing microwave scatterometers for retrieval of surface variables have shown the benefits of long wavelength, co-polarized backscatter measurements when applied to surface roughness and land-cover separability [44] - [46] . These studies have demonstrated the strong degree to which 0 σ is a function of surface roughness, vegetation and near surface soil moisture. The active channels were also examined for soil moisture sensitivity.
We utilize here two simplified scattering models developed by Dobson et al. [20] , and Dubois et al [37] . [37] . Caution must be used when applying empirical models to datasets other than those used for their development. In our case the model was determined to be sufficient based on the range of surfaces that it was developed for and the scatterometer data that it has been applied to: AIRSAR, SIR-C, POLARSCAT, and RASAM. Table VI, to which the radar is more sensitive than the radiometer, can at best be considered first order approximations to the actual variability across the SGP region. Table VII for the low vegetated fields.
Conclusions and Discussion
A combination of multiple regression analyses and contrasting evaluations with microwave physical models have been used in this study for evaluation of the L-band passive and active sensitivity to near surface soil moisture. A distinct soil moisture signal was observed for the highly vegetated fields as well as for the bare and low-vegetated fields. In studying the capabilities of PALS, the results have:
1) Illustrated the sensitivity of remote sensing measurements (active and passive) to soil moisture in the presence of variable vegetation cover and heterogeneity.
2) Improved our knowledge of the emission (passive) and scattering (active) characteristics of microwave interactions with soils at different frequencies and polarizations, and the effects of ancillary variables such as vegetation water content, surface roughness and temperature.
The prediction techniques investigated exhibited varying soil moisture retrieval potential.
Most of the estimates using passive channels provided between 2% and 3% accuracy in comparisons with the in-situ gravimetric soil moisture. Estimates using the active channels provided accuracies mostly in the 2-5% range. Part of the error in these estimates is contributed by in situ sampling error and collocation error.
This paper has provided a framework for studying active and passive observations of the land-surface under diverse conditions. Statistically based regressions were developed although these are of limited scope considering the small size of the observational SGP99 data set. The estimation of soil moisture based on physical forward models was motivated by a desire to apply understanding of the radiative transfer and backscatter processes to more generally applicable retrieval methods. It has been shown that physically based methods coupled with regression analyses can serve as useful tools for this and other studies.
The physically based emission model is found to correlate well with the PALS data collected over bare and low vegetated (biomass < 0.25 kg m -2 ), medium (0. (11, 13) 4.72 5.28 9, 11, 13 (12, 14) 3.13 3. 39 11, 12, 14 (9, 13) 1.41 1.84 12, 13, 14 (9, 11) 3.90 4.15 9, 11 (12, 13, 14) 3.00 3.35 11, 14 ( 9, 12, 13) 2.90 3.37 11, 13 (9, 12, 14) 2.95 3. 40   Table VII . The active models (L-band) were run with inputs of surface parameters from the low vegetated fields within the Little Washita Watershed. Regressions were performed in the forward scheme on either two or three days of data. The table shows the standard error (% gravimetric soil moisture) of the predicted soil moisture. 
